MRC Laboratory of Molecular Biology endoplasmic reticulum (ER).
The complex of the human golgin-245 GRIP domain with somes back to the trans Golgi. It seems likely that both human Arl1(Q71L) crystallized in space group P2 1 with vesicle tethering and cisternal stacking roles will require unit cell dimensions a ϭ 72.5, b ϭ 89.7, c ϭ 72.5, ␤ ϭ that the golgins are accurately targeted to specific parts 110.7. There are four Arl1(Q71L)-GTP/GRIP domain of the Golgi apparatus. Golgin-245 is found on the trans complexes in the asymmetric unit. The structure was face of the Golgi apparatus (Kooy et al., 1992) , and the solved using Se-Met multiple anomalous dispersion GRIP domains of all four human GRIP domain golgins (MAD) data (Table 1 ). There are only minor differences are sufficient to confer this compartment-specific tarin conformation among the four Arl1/GRIP complexes geting (Luke et al., 2003) .
in the asymmetric unit. In this paper, we report a 1.7 Å resolution X-ray struc-
The structure reveals that the GRIP domain forms a ture of a complex between a human GRIP domain and homodimer, with each GRIP domain bound to an Arl1-GTP-bound Arl1. The structure reveals that the GRIP GTP ( Figure 2 ). The resulting dyad symmetric arrangedomain is a dimer, allowing two Arl1 proteins to interact ment of the Arl1 proteins leaves their N termini facing the simultaneously with a golgin. To our knowledge, such same direction so that the two N-terminal amphipathic a dyad-symmetrical interaction of a small GTPase with helices absent from the structure would be able to interan effector has not been described previously. The interact simultaneously with a lipid bilayer. The overall extent action interface between Arl1 and the GRIP domain of the residues in the GRIP domain that participate in shares features with those formed between several dimerization or Arl1 binding corresponds well to the other Ras-like GTPases and their effectors, despite a 40-50 residue region conserved among different GRIP range of effector topologies. The specificity of the interdomains, and specifically to the 45 residue portion of actions is dictated by packing restraints at the interface golgin-245 that is sufficient for some Golgi targeting with the GTPase.
(gray bar in Figure 1C ; Kjer-Nielsen et al., 1999b). Previous mutagenesis studies have also identified a number of residues in the GRIP domain that are required for
Results and Discussion
Golgi targeting (summarized in Figure 1C ). The region from 51 to 67 (strands ␤2 and ␤3) has been referred to The C-terminal 59 residues of human golgin-245 encompassing the GRIP domain was coexpressed in E.
as the "interswitch" region (Pasqualato et al., 2002) and is located between switch 1 (residues 40-50) and switch coli with human Arl1 lacking the N-terminal 14 residues. This N-terminal region is very likely to form an amphi-2 (residues 68-82). In the GTP-bound form of Arl1, the interswitch region has moved two residues with respect pathic helix, as such a helix has been observed in the Figure  3A ). The extensive interface between the GRIP domains the overall fold of the Arl1(Q71L) is similar to the GTPbound forms of Arf1 and Arl2, there are local surface suggests that this homodimeric interaction is probably (Figure 5 ). Because the vast majority of the interactions are with residues in the effector helices and not in the connecting loops, and because the interactions are principally nondirectional hydrophobic interactions between side chains, there are no constraints on the connecting topology or even the direction of the effector helices. Thus, the direction of the equivalent helices is swapped N-to C terminus in N-GAT and Arfaptin2 relative to GRIP, and the connection between the two helices is swapped from one end of the helices to the other in N-GAT relative to Arfaptin2 ( Figure 5B) . A more distant variant is the complex between Rab3A and rabphilin-3A, where the effector lacks one of the two helices, and instead a short motif in rabphilin-3A makes additional contacts outside of the Rab3A switch regions (Ostermeier and Brunger, 1999). This plastic mode of interaction of these helical effectors with their GTPases leads to a striking structural mimicry that was completely unsuspected from sequence alignments.
The C-Terminal Tail of the GRIP Domain
Although the GRIP domain is located near the C terminus of all proteins in which it has been found, in many cases the domain is followed by an extension of typically 5-30 residues before the end of the protein. Despite being heterogeneous in length and sequence, and indeed not present in all GRIP domain proteins, there are indica- of Trp 2223 did not prevent the Golgi targeting of the that the W2223A mutation reduced the half-time for exchange between the Golgi and cytoplasmic pools from SWLRSSS form of the GRIP domain, but reduced the Golgi-specific signal ( Figure 6A) . Moreover, photo-‫53ف‬ s to ‫31ف‬ s ( Figure 6B ). This is also consistent with the observation that Golgi targeting of the golgin-245 bleaching of the cytoplasmic pool of GFP-GRIP revealed et al., 1999b) . orient the GRIP domain so that the C-terminal tail is adjacent to the bilayer surface. Formation of an ␣ helix The tail region of the golgin-245 GRIP domain is not well resolved in the crystal structure, with helix ␣3 endmight then accompany insertion of the tryptophan and other hydrophobic residues into the lipid interfacial reing at residues 2220-2226 for three of the four domains in the asymmetric unit. However, in the case of the fourth gion ( Figure 6C ). Such an interaction would be analogous to the insertion of hydrophobic residues that ac-GRIP domain, the tail lies against the surface of an adjacent Arl1-GTP/GRIP dimer, and although the side chains, companies the interaction of FYVE or PX domains with specific lipid head groups ( is mediated by binding of the GRIP domain to the the bivalent interaction of GRIP dimers with Arl1-GTP stands in distinction from the bivalent interaction of the GTPase Arl1, which is itself localized to the Golgi apparatus. In this paper we have shown that the GRIP domain FYVE domains with PtdIns(3)P. In EEA1, the affinity of each FYVE domain for PtdIns(3)P is fairly weak, and the forms a dimer that interacts bivalently with Arl1-GTP. In solution, the isolated domain is in a dimer-monomer presence of both domains in the dimer is necessary for translocation of EEA1 to membranes in cells. Given that equilibrium, but in the context of the golgins the extensive regions of coiled-coil in the rest of the proteins a soluble, GTP-locked Arl1 forms a stable complex with GRIP that can be copurified in vitro, a single Arl1-GTP will presumably stabilize the dimer form. The interaction between Arl1-GTP and the GRIP domain is such that would probably be sufficient to cause GRIP homodimer translocation in cells. However, binding of a second the membrane-bound GTPase will orient golgin-245 so that the C-terminal tail faces the lipid bilayer, and the Arl1-GTP by a GRIP homodimer at the membrane surface would increase the residence time of the complex rest of the molecule projects into the cytoplasm, either away from the Golgi membrane or along its surface. The on the membrane. Accuracy of membrane trafficking processes seems likely to be dependent on the cell interface formed between Arl1 and helices ␣1 and ␣2 of the GRIP domain is similar to that formed by several being able to accurately specify both the location and the duration of targeting of the proteins that mediate other Ras family GTPases with their effectors, suggesting that recognition of paired helices may be a widedocking and fusion (Munro, 2002). Bivalent interaction with organelle-specific GTPases or lipids may be one spread mechanism for effector binding. However, these other GTPases do not recognize their effectors with the means by which this can be achieved. dyad symmetric bivalency found in the Arl1-GTP/GRIP complex. Instead, this latter feature is strikingly reminis- 
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The coordinates of the Arl1-GTP/GRIP domain complex have been deposited in the Protein Data Bank under the ID code 1UPT.
